Abstract
Results
OPG levels measured acutely were significantly higher than Day 1 and during follow-up. OPG levels were correlated with age. No association was found between early OPG levels and CMR measurements at 4 months. Patients with >median OPG levels measured at Day 1 had larger final infarct size, lower LV ejection fraction (LVEF) at 4 months and higher frequency of MVO. There were no associations between OPG and change in end-diastolic a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Introduction
Osteoprotegerin (OPG), a glycoprotein in the tumor necrosis factor (TNF) receptor superfamily, acts as a decoy receptor for the receptor activator of nuclear factor-κB ligand (RANKL) and TNF-related apoptosis inducing ligand (TRAIL) [1, 2] . OPG is expressed in most human tissues and cells, including bone (osteoblasts), vascular smooth muscle cells, and endothelial cells [3, 4] . Increased levels of OPG have been associated with coronary calcium score and the development and severity of coronary artery disease (CAD) [5] [6] [7] [8] [9] . Moreover, OPG, as well as RANKL, are expressed within the failing myocardium in both experimental and clinical heart failure (HF), and strong immunostaining of these molecules has also been found within atherosclerotic carotid plaques as well as in thrombus material obtained at the site of plaque rupture during myocardial infarction (MI) [10] . In addition, OPG has been identified as an independent predictor of HF development and mortality in patients with acute coronary syndrome (ACS) [11, 12] . Elevated serum OPG has been reported in ST-elevation MI (STEMI) patients compared to patients with non-STEMI, unstable angina, stable CAD, and controls [11, 13] . We have previously shown, in a study of 199 STEMI patients, that OPG levels measured a median of 16.5 hours after percutaneous coronary intervention (PCI) were significantly associated with infarct size assessed after 3 months by SPECT imaging [14] . However, the results of more recent studies investigating OPG and infarct size in STEMI patients have been inconsistent [15] [16] [17] .
In order to explore the possible role of OPG in the extent of myocardial damage, adverse remodeling, impaired microcirculation and salvage of the myocardium, in spite of acute reperfusion of MI, we aimed to elucidate in detail the role of OPG in STEMI. The objectives of the present study were therefore: 1) to establish a temporal profile of OPG in STEMI, 2) to examine the association of OPG with markers of adverse left ventricular (LV) remodeling in patients with STEMI, 3) to investigate possible associations of OPG measured during acute STEMI with final infarct size, microvascular obstruction (MVO) and myocardial salvage, 4) to study a possible association between OPG levels measured in a clinically stable situation late after STEMI and adverse LV remodeling, and 5) to elucidate the effect of heparin administration on OPG levels. following evaluation of safety by the Data and Safety Monitoring Board the trial was registered at clinicaltrials.gov on June 16, 2009 (NCT00922675) . All parts of the study were conducted in accordance with the ethical principles of the Declaration of Helsinki, and all patients gave written informed consent to participate in the study. The study protocol and supporting STROBE checklist are available as supporting information. The authors confirm that all ongoing and related trials for this intervention are registered.
A separate, study was conducted in order to elucidate a possible effect of heparin on OPG release. This sub-study was approved by the Regional Committee for Medical Research Ethics, South-East Norway. All patients gave written informed consent to participate in the study.
Study population
The POSTEMI trial was a prospective, randomized, single-center, open-label clinical trial investigating the cardioprotective strategy ischemic postconditioning (iPost). The study design has previously been reported in detail [18, 19] . Briefly, the study population consisted of 272 patients with first-time STEMI and symptom duration <6 hours included between January 12, 2009, and August 25, 2012, at Oslo University Hospital Ullevål, Norway. Two reperfusion strategies, PCI with iPost or conventional PCI, were compared. Patients with inability to provide informed consent, previous MI, renal failure (serum creatinine >200 μmol/L), contraindications for cardiac magnetic resonance imaging (CMR), and clinically unstable patients (cardiac arrest, cardiogenic shock, pulmonary congestion, or hypotension) were excluded. Occlusion (Thrombolysis In Myocardial Infarction [TIMI] flow 0-1) of the infarct related artery and successful reperfusion after the first balloon inflation (TIMI flow 2-3) had to be demonstrated angiographically before 1:1 randomization to iPost or control group. Adjuvant STEMI treatment was given according to current guidelines [20] . The effect of iPost on the primary endpoint of the study, final infarct size measured by CMR after 4 months, was neutral [19] . Sub-study on a possible effect of heparin administration on OPG release. In order to elucidate a possible effect of heparin on OPG release, 20 patients (median age 68, 80% male) with suspected stable CAD undergoing elective coronary angiography were included between August 31 and September 15, 2015, at Oslo University Hospital Ullevål, Norway. Exclusion criteria were ongoing ACS or current treatment with warfarin or a non-Vitamin K oral anticoagulant. Blood samples for OPG were drawn prior to the angiography procedure (venous sample), from the arterial cannula before administration of unfractionated heparin (all patients received 5000 IU and additional bolus if PCI was performed), and at the end of the angiography procedure.
Biochemical analyses
A prospective objective of the POSTEMI trial was to study specific biomarkers in relation to LV remodeling and function. Blood samples for biobanking and analyses of OPG were drawn before and immediately after the PCI procedure, at Day 1 (median 14.7 hours after PCI), and at 4-month follow-up. Blood was centrifuged after coagulation (within 1 hour) at 2,500g for 10 minutes and serum was stored at -80˚C in multiple aliquots until analyses. Serum levels of OPG were quantified by enzyme immunoassay using matched antibodies from R&D Systems (Minneapolis, Minnesota, USA) as previously described and validated [21] . The intra-assay and inter-assay coefficients of variation (CV) were <10%. The sensitivity was calculated to be 15 pg/ml. C-reactive protein (CRP) was determined by routine laboratory high-sensitivity assay, peak CRP was defined as the maximum value measured during hospitalization. Levels of N-terminal pro-B-type natriuretic peptide (NT-proBNP) on admission were determined with Elecsys proBNP sandwich immunoassay on Elecsys 2010 (Roche Diagnostics). Serum cardiacspecific troponin T (TnT) was measured by electrochemiluminescence technology for quantitative measurement (Elecsys 2010, Roche, Mannheim, Germany). The peak TnT level was defined as the maximum value measured during hospitalization. Inter-assay and intraassay CV% were <7% for all assays.
CMR protocol and analysis
CMR imaging was performed at a median of 2 days after the index event in the acute phase and repeated after 4 months' follow-up. The details regarding CMR protocol and analyses have been published in detail previously [22] . In brief, a 1.5 T scanner (Philips Intera, release 11 or Philips Achieva, release 3.2, Best, Netherlands) was used to obtain images, and image analyses were performed on an extended MR Work Space (Philips Medical Systems). Short axis images of LV were acquired for complete volume analysis including LV ejection fraction (LVEF). T2 weighted imaging was performed in the short axis plane to quantify the area at risk, defined as myocardium with a signal intensity (SI) of more than 2 standard deviations above the SI in remote noninfarcted myocardium. Late gadolinium enhancement (LGE) imaging was obtained 15 minutes after contrast injection (Gadolinium-DTPA 469 mg/ml, 0.15 mmol/kg, Magnevist, Schering AG, Germany), and two and four chamber long axis views and short axis views were assessed to determine infarct size. Myocardial salvage index (%) was calculated as follows: [(area at risk -infarct size at 4 months)/area at risk] x 100 [23] [24] [25] . MVO was assessed in late enhancement images, and defined as a dark area within the hyperintense area in the infarcted myocardium.
Statistical analyses
OPG was analyzed both as a continuous variable and as a dichotomized variable. Analyses of the association between OPG dichotomized at each quartile and end-diastolic volume (EDV), infarct size, LVEF, and myocardial salvage index resulted in different cut-off values for the different outcome variables. The median value was chosen as cut-off for all outcome variables due to considerations of power, and to make interpretation of the results easier. Non-parametric tests were used for group comparisons, due to skewness in some of the analyzed variables. Mann Whitney U test was used for group analyses of continuous variables, while categorical variables were analyzed using Chi-square test. Wilcoxon signed rank test was used to compare OPG levels at different sampling points. Multivariable linear regression analyses were performed with final infarct size, LVEF, myocardial salvage index, and delta EDV (change from baseline to 4-month) as outcome variables, respectively. The following covariates were entered into the models based on either clinical relevance or an association with either OPG or the dependent variable with a p-value < 0.2: Age, gender, time from symptom onset to PCI, infarct localization (anterior MI vs inferior or posterior MI), treatment with ischemic postconditioning, peak TnT, peak CRP and NT-proBNP on admission. As a result of skewness, the following continuous variables were logarithmically transformed: OPG, Troponin T, CRP, and NTproBNP. Pairwise deletion was used to handle missing data in multivariable analyses (sensitivity analyses were also performed using listwise deletion showing similar results). Due to the explorative nature of the study, no correction for multiple comparisons was performed. A pvalue <0.05 was considered statistically significant. All statistical analyses were performed using IBM SPSS for Windows version 21.0.
Results

Temporal profile of OPG
Flow diagram and baseline characteristics of the study population are shown in Fig 1 and Table 1 , respectively. Median age was 60 years (82% male). Whereas there was no significant change in OPG levels during PCI, there was a significant decline in OPG from before and after PCI to Day 1 and 4-month follow-up (Fig 2) . Patients treated with iPost and conventional PCI had a similar temporal profile (Fig 2, inset) , consequently, the study population was analyzed as a whole.
Associations between OPG levels and LV remodeling, infarct size and LV function
We found no significant associations between OPG levels on admission (sampled before and immediately after the PCI procedure) and delta EDV, infarct size, LVEF, or myocardial salvage as determined by CMR (Table 2) . OPG levels measured at Day 1 (median 14.7 hours after primary PCI), however, were significantly associated with infarct size and LVEF, both in the acute phase and at 4-month follow-up (Table 2 ), but not with delta EDV or myocardial salvage. Characteristics of the study population according to OPG levels at Day 1 are shown in Table 3 . Patients with high (>median -4.08 ng/ml) OPG levels were older, had a higher proportion of anterior MI and had higher peak TnT, peak CRP and NT-proBNP levels on admission. Patients with high OPG levels measured at Day 1 also had significantly larger infarct size, lower LVEF at 4 months, and higher frequency of MVO compared to patients with low OPG levels ( Table 4) . After adjustment for relevant clinical covariates in multivariable regression analyses (i.e. age, gender, time from symptom onset to PCI, infarct localization) OPG remained significantly associated with infarct size and LVEF, but not after adjustment for peak TnT and peak CRP ( Table 5 ). The iPost procedure did not affect the association between OPG and infarct size or LVEF, respectively. OPG levels at Day 1 were significantly higher in patients with MVO compared to those without (4.29 vs 3.63 ng/ml). There were only 24 clinical events (all-cause mortality, repeat ACS, hospitalization with HF) during 4 months follow-up [19] , and OPG levels at none of the sampling points were significantly different in patients with or without clinical events (data not shown).
Associations between OPG at 4-month and LV remodeling, infarct size and LV function There were no associations between OPG levels at 4 months and any measurement of LV injury or remodeling measured by CMR at the same follow-up (Table 2) .
Heparin effect on OPG levels
Based on the lack of association between OPG levels very early after admission and measurements of ischemic injury by CMR, a possible relation between OPG levels and heparin administration was studied in 20 patients with stable CAD. There was a substantial increase in OPG 0001, Fig 3) . There was no difference between OPG levels measured in the venous samples compared to the arterial samples before heparin administration. There was no significant difference in OPG levels between patients treated with PCI (n = 5) compared to patients with coronary angiography only (n = 15) (data not shown).
Discussion
The main finding of the study was that OPG measured in STEMI patients was not associated with LV remodeling or myocardial salvage. However, high levels of OPG measured the first day after PCI were associated with larger final infarct size and lower LVEF 4 months after STEMI, also after adjustment for several clinical variables, but not after adjustment for peak TnT and CRP. A temporal profile demonstrated high levels at admission and immediately after PCI, but these levels were not related to myocardial injury or function measured by CMR 4 months later. This might be related to confounding effects of heparin administration.
The role of OPG in STEMI is largely unknown. Rapid and sustained release of OPG from vascular endothelial cells has been demonstrated in response to inflammatory stimuli, suggesting a modulatory role of OPG in vascular injury, inflammation and hemostasis [26] . STEMI is known to launch a massive inflammatory response, and it is possible that this could contribute to the increased OPG levels seen in STEMI patients. Persistent and excessive inflammation independent of infarct size has been suggested to contribute to adverse LV remodeling following MI [27] . In an experimental model of post-infarction HF, increased myocardial expression of OPG has been reported, with increased gene expression in both the ischemic and non-ischemic part of the LV [28] , suggesting a role of OPG in maladaptive remodeling following MI. Moreover, OPG has been found to be a predictor of adverse outcomes in ACS including development of HF [11] . In the present study we found no association between OPG levels and adverse remodeling measured as delta EDV.
Our findings partially support studies reporting an association between OPG levels and the extent of myocardial injury in STEMI patients [14, 15, 17] . Thus, patients with high OPG levels at Day 1 had larger area at risk, final infarct size, lower LVEF, and a higher frequency of MVO. The associations between OPG and infarct size and LVEF at 4 months in our study, however, were not present after adjustment for peak TnT and CRP, which reflect myocardial necrosis and inflammation, respectively. It is possible that levels of OPG mainly reflect these processes. Moreover, the fact that we used peak values of troponin T and CRP in the multivariable analyses may also have contributed to the superior prognostic information of these biomarkers in the present study.
Some investigators have suggested that a chronic persistent inflammatory state may reflect adverse LV remodeling and that biomarkers measured late after MI may reflect mechanisms other than acute necrosis [27] . OPG measured in stable STEMI patients 4 months after the index infarction, however, was not associated with indices of LV remodeling such as change in EDV or LVEF in the present study. The number of patients with clinical events during 4 months follow-up was low and could not be related to OPG levels [19] .
Contrary to previous reports [15, 17, 29] , OPG levels measured before and shortly after the PCI procedure were not related to myocardial injury or impaired function, possibly masked by heparin related release of OPG. OPG levels were significantly higher during the PCI procedure compared to levels on Day 1 after admission, in line with previous reports [17] . OPG contains a heparin-binding domain [30] , and it has been proposed that the high levels of OPG in the initial phase of STEMI are related to heparin administration. In vitro studies have indeed demonstrated rapid release of OPG from smooth muscle cells after heparin treatment [31] . Moreover, in a small study in healthy individuals, the investigators reported a 2-fold increase in OPG levels within 5 minutes following intravenous heparin infusion, normalizing within 1 hour after the infusion [32] . In all of the patients in the POSTEMI study, heparin was administered in the prehospital setting or in the cath. lab prior to the initial blood sampling. Our results suggest that heparin administration has a major influence on OPG levels in patients with stable CAD with no additional effect of PCI. It is therefore likely that the high OPG levels measured early in STEMI patients reflect the heparin effect, and not the ischemic injury only and this should clearly be taken into account when evaluating OPG levels in MI patients early after admission.
Limitations
Associations between OPG and CMR measurements of myocardial injury and function were lost after adjustment for known prognostic indicators such as TnT and CRP, suggesting a limited role of OPG in risk stratification in STEMI patients. The number of included patients was relatively low. In particular, due to the relatively low-risk population and few clinical endpoints, the study was not powered to elucidate a possible association between OPG and clinical events. Due to the explorative nature of the study, no correction for multiple comparisons was performed and this could possibly limit the conclusions drawn from the results. Moreover, although the heparin effect on OPG levels has been reported to last for only a few hours [32] , the lack of data on the duration of the heparin effect is a weakness with this part of the study. It was not feasible to have a control group in the heparin study due to safety concerns. Consequently, we cannot rule out that other aspects of the PCI procedure than the heparin administration contributed to the OPG release. However, the lack of increase in OPG levels after PCI in the POSTEMI patients (all received heparin before the first sample) indicates that this is not the most likely explanation.
Conclusions
Our findings indicate that high levels of OPG are associated with myocardial injury, but not adverse remodeling or myocardial salvage. The role of OPG as a potential biomarker in STEMI patients to identify patients with risk of adverse remodeling and HF development 
